Introduction {#Sec1}
============

Metabolic engineering of bacterial hosts relies heavily on the heterologous expression of proteins from plasmids that replicate separately from the host chromosome. In order to achieve pathway balance, researchers use a variety of genetic control systems, including variable origins of replication, to control expression level^[@CR1]^. Changing the origin of replication of a plasmid provides a convenient means of controlling the magnitude of expression of a heterologous pathway, and can dramatically change the performance of the engineered system within a host^[@CR2],[@CR3]^. Plasmids with compatible origins of replication allow metabolic engineers to divide pathways into multiple parts able to be maintained at different copy numbers, thereby allowing for extra flexibility when trying to ensure maximum flux through a pathway^[@CR3]^. Having a library of well characterized, orthogonal origins with different copy numbers therefore enables engineers to rapidly alter the characteristics of pathways in pursuit of achieving high product titers^[@CR1]^.

The pSC101 origin is a low-copy, narrow host-range origin that is often used in synthetic biology and metabolic engineering^[@CR1]^. Low-copy vectors offer many advantages for metabolic engineering, such as low metabolic burden on the host, tight control of gene expression, and segregational stability^[@CR4]^. The pSC101 origin regulates its copy number in part through a mechanism mediated by the replication initiator protein RepA^[@CR5],[@CR6]^. As a monomer, RepA initiates plasmid replication by binding to one of the many iterons within the origin^[@CR7]^. This RepA-iteron complex can also associate with other RepA-iteron complexes in nearby plasmids, repressing replication of both vectors^[@CR5]^. This "handcuffing" process acts as an effective negative control to limit replication of pSC101 to roughly \~5 copies/cell. While multiple groups have isolated RepA or RepA homolog mutants that increase the copy number of their cognate plasmid, only two have been rigorously characterized^[@CR8],[@CR9]^. Substituting E93 of RepA for either lysine or arginine resulted in an increased copy number from \~5 copies/cell to \~30 and \~240 copies/cell, respectively^[@CR10]^. The authors hypothesized that these mutations disrupted the ability of RepA to dimerize, and hence the ability of the protein to control the copy number. The authors further demonstrated that these mutant origins were stable over many generations, and still compatible with ColE1 plasmids. While the authors created cloning vectors based on the high-copy origin variants, they did not rigorously characterize the effects that these elevated copy numbers had on heterologous gene expression or host growth. Deeper characterization of these altered origins may give greater insight into their usefulness as tools for synthetic biology and metabolic engineering.

In a recent paper, we described the development of a transcription factor based biosensor for industrially important lactams, mediated by the *araC*-family protein ChnR^[@CR11]^. In an attempt to select for mutations that increased the sensitivity of this system to a series of potential ligands, we isolated multiple mutations in the pSC101 origin of replication localized to the *repA* gene that increased copy number. Many of these mutations were distinct from mutations that have previously been described to increase the copy number of the pSC101 origin or other plasmids replicated via RepA homologs. In this study, we provide insight into the function of some of these mutated loci within the *repA* gene, characterize the effect that the resulting mutated origins have on a protein expressed from cognate plasmids, and determine if multiple mutations can be combined additively to affect copy number.

Results {#Sec2}
=======

Isolation of pSC101 origin mutants that result in higher copy number {#Sec3}
--------------------------------------------------------------------

Previous work has demonstrated that ChnR may be a useful biosensor for the detection of a myriad of industrially relevant compounds, such as valerolactam and caprolactam^[@CR11],[@CR12]^. While ChnR can detect these molecules, the detection limits are well above what can currently be produced via metabolic engineering of microbial cells^[@CR13]^. To improve the sensitivity of this transcription factor, we created a system that allowed us to select for ChnR activation through the expression of tetracycline resistance. Previously, tetracycline resistance has been demonstrated to be an excellent reporter to develop selection-based screens for bacterial transcription factors^[@CR14]^. Plasmid pMGT1 (Supplementary Figure [1](#MOESM1){ref-type="media"}) controls the expression of *tetA* via ChnR, which can be activated through induction via caprolactam or other ligands in a dose-dependent manner (Fig. [1A](#Fig1){ref-type="fig"}). To generate genetic diversity within this system we created a mutagenized plasmid library by serial passaging of pMGT1 in the commercial *E*. *coli* mutator strain XL1-Red. After the mutated plasmid library was isolated and retransformed into *E*. *coli* DH10B, we used an agar plate-based checkerboard assay to identify mutants that were more sensitive to four potential ChnR ligands: caprolactam, bromocyclohexane, γ-nonalactone, and δ-undecalactone (Supplementary Figure [2](#MOESM1){ref-type="media"}). For all putative ligands, the mutagenized library had a higher number of surviving colonies on agar plates supplemented with lower levels of inducers and higher levels of tetracycline than the unmutagenized parent plasmid (Fig. [1B](#Fig1){ref-type="fig"}).Figure 1Selection for pMGT1 mutants with greater sensitivity. (**A**) Checkerboard assay showing growth rate of *E*. *coli* harboring pMGT1 challenged with increasing concentrations of tetracycline as a function of increasing concentrations of the inducer caprolactam. (**B**) Results from plate selections of the mutant pMGT1 library plated on LB agar with 0.1 mM caprolactam and 25 mg/L tetracycline compared to *E*. *coli* harboring unmutated parent pMGT1.

Thirty plasmids from each ligand were isolated and fully re-sequenced to identify potential mutations. Of the 120 plasmids prepared, 114 were successfully re-sequenced. Within these 114 plasmids, 112 contained mutations relative to wild-type pMGT1 at 59 unique genetic loci. Interestingly, 73% of all mutations were localized within the RepA protein coding sequence of the pSC101 origin, while only 0.6% of the mutations were in *chnR* itself (Fig. [2](#Fig2){ref-type="fig"} inset). Upon further inspection, every plasmid that contained a mutation had at least one mutation within *repA*. Despite the small number of mutations identified within *chnR* itself, the abundance of mutations within *repA* was remarkable. Within our re-sequenced plasmids, we identified 116 mutations in *repA* that corresponded to 22 unique amino acid substitutions at 14 unique amino acid sites. Of the 22 unique amino acid substitutions, 13 occurred more than once (Fig. [2](#Fig2){ref-type="fig"}). Forty-six percent of all *repA* mutations occurred at R46, while 18% of all mutations occurred at N99. Overall, 88% of all mutations in *repA* resulted in a substitution of a charged amino acid. Previous reports have shown that mutations shown to increase the copy number of the pSC101 origin are often the result of amino acid substitutions that putatively disrupt dimerization of the RepA protein^[@CR9]^. A higher copy origin would explain the increased ligand sensitivity found in our plate-based selection, as well as the apparent bias towards charged amino acid mutations, which may participate in protein-protein interactions. Therefore, we hypothesized that many of the amino acid positions that we identified contribute to the dimerization-- and corresponding copy number regulation-- of the pSC101 origin.Figure 2Distribution of mutants obtained from plate-based selections. Inset: Distribution of locations of mutations within the plasmid pMGT1. Histogram showing the frequency of selected amino acid substitutions found within RepA in re-sequenced plasmids.

Isolated mutations in the RepA protein are predicted to lie within the dimerization interface {#Sec4}
---------------------------------------------------------------------------------------------

In order to infer the structural position of the mutated residues identified in our screen, we generated a homology model of the homodimer RepA based on the crystal structure of the homologous protein RepE, the protein that controls the replication of the mini-F plasmid (PDB ID: 2Z9O) (Fig. [3A](#Fig3){ref-type="fig"})^[@CR7]^. The RepE homodimer functions as a repressor while the monomer acts as a replication initiator. Though RepA shares only 19% sequence identity to RepE, the RepA homology model displayed a very similar fold with the RepE protein structure, having a root-mean-square deviation (RMSD) of 3.12 Å throughout the entire polypeptide backbone (Fig. [3A](#Fig3){ref-type="fig"}).Figure 3Homology model of RepA homodimer (shown in blue and gold) based on the RepE structure (shown in gray). (**A**) Full protein dimer. (**B**) Zoomed in view of N99 and R46 residues, the two most commonly isolated RepA mutants. (**C**) Potential electrostatic interaction between residues E93 and K102. (**D**) Potential electrostatic interaction between residues E115 and R43.

The majority of the identified mutations were located at or near the dimerization domain of RepA (Fig. [3B--D](#Fig3){ref-type="fig"}). Two of the most common mutations identified in our study, N99 and R46, were located close to the intermolecular β-sheets near the dimerization interface (Fig. [3B](#Fig3){ref-type="fig"} and Supplementary Figure [3](#MOESM1){ref-type="media"}). A potential interaction can be observed between N99 residue from monomer A and the neighboring N99 residue from monomer B (Supplementary Figure [3](#MOESM1){ref-type="media"}). In addition, several other mutants point to potential electrostatic interactions at the dimer interface. Residues E93 and K102 are located at the intermolecular β-sheets in the dimerization interface and are close enough for potential electrostatic integrations (Fig. [3C](#Fig3){ref-type="fig"}). A similar scenario can be observed between E115 and R43 (Fig. [3D](#Fig3){ref-type="fig"}). All the charged residues mentioned are consistent with residues that are also present in the RepE dimerization interface^[@CR7]^. In RepE, the dimerization interface is mainly formed by intermolecular β-sheets with several key interactions of charged residues. A similar residue interaction is observed in the RepA homology model. Based on these observations, the majority of the mutants that we isolated appear likely to be involved in dimerization, either through stabilizing secondary structure at the dimerization interface, or through direct electrostatic interactions.

Mutations at the RepA dimerization interface result in a variety of plasmid copy numbers {#Sec5}
----------------------------------------------------------------------------------------

Of the 14 unique mutated amino acid residues within RepA that we identified in our screen, only one has been rigorously characterized-- E93^[@CR10]^. Peterson *et al*. showed that an E93K mutation yielded a copy number of \~30 copies/cell, while an E93R mutation resulted in a copy number of \~240 copies/cell^[@CR10]^. To probe how our newly identified mutations impacted copy number, we created 10 amino acid substitutions at 8 amino acid residues within the RepA coding sequence of plasmid pBbS8k-RFP, chosen either by the frequency of occurrence in our screen or predicted location at the dimerization interface based on our homology model. The pBbS8k-RFP plasmid is a Bglbrick family plasmid that contains a pSC101 origin, as well as the gene encoding the red fluorescence protein (RFP) under the control of an *araBAD* promoter^[@CR1]^. The copy number of wild-type pBbS8k-RFP, in addition to that of all ten of our selected mutated variants, was determined by qPCR in the absence of arabinose. Additionally, the copy number of pBbA8k-RFP and pBbE8k-RFP, containing a p15a and ColE1 origin, respectively, were also calculated. All ten mutations tested showed increased copy numbers ranging from \~31 to \~113 copies/cell (Fig. [4](#Fig4){ref-type="fig"}). Mutations E83K and N99D yielded copy numbers of \~31 and \~35 copies/cell, respectively, similar to that of the ColE1 origin of replication (\~32 copies/cell). Mutations R46Q, R46W, M78I, and E115K all had roughly equivalent copy numbers of approximately 45 copies/cell, while mutations K102E, N99K, E93G, and R43W all yielded higher copy numbers ranging from \~64 to \~113 copies/cell (Fig. [4](#Fig4){ref-type="fig"}).Figure 4Copy number of control plasmids and pSC101 RepA mutants as determined by qPCR. Error bars represent 95% CI (n = 3).

We observed, as have other groups^[@CR10]^, that the nature of the substitution within RepA can dramatically affect the resulting copy number. Two mutations at N99, N99D and N99K, resulted in markedly different copy numbers (\~35 and \~69 copies/cell). Similarly, previous work has shown that mutations E93K and E93R raise the copy number to \~30 and \~240 copies/cell, respectively, while a E93G mutation resulted in a copy number of \~84 copies/cell^[@CR10]^. However, in some cases multiple mutations at the same residue yielded similar copy numbers, such as mutations R46Q and R46W, which both resulted in pSC101 variants with \~45 copies/cell. From these results, it appears that a wide range of copy numbers can be obtained from a variety of *repA* mutations. However, whether or not these origin variants result in useful protein expression remained to be determined.

Copy number in pSC101 *repA* mutants does not correlate with expression of RFP {#Sec6}
------------------------------------------------------------------------------

Though previous work has characterized the copy number of pSC101-derived mutants, the effect these mutations have on heterologous protein expression has not been similarly tested^[@CR10]^. To better understand this connection, we performed a series of fluorescence protein expression assays to gauge whether copy number was correlated with increased RFP production from our vectors. To achieve this, we transformed our mutant and wild-type plasmids into *E*. *coli* DP10, which has the arabinose transporter, encoded by *araFGH*, under control of a constitutive promoter^[@CR15]^ to allow for inducible expression from the *araBAD* promoter, and evaluated expression of RFP at increasing concentrations of arabinose (Fig. [5](#Fig5){ref-type="fig"}). As expected, all mutants had higher levels of RFP expression than wild-type pSC101 at all concentrations of arabinose tested. However, there was no overall correlation between copy number and RFP expression at any concentration of arabinose (Supplementary Figure [4](#MOESM1){ref-type="media"}). In fact, the highest expression of RFP achieved was from the N99D mutant, which has a copy number of \~35 copies/cell, similar to that of the ColE1 origin. Of the mutants with copy numbers below 35 copies/cell, mutant E83K (copy number of \~31 copies/cell) showed slightly higher expression than the wild-type p15a origin, which had a copy number of \~20 copies/cell. These two mutated origins, N99D and E83K, may prove useful in future metabolic engineering efforts.Figure 5Production of RFP as a function of plasmid copy number and inducer concentration. Expression of RFP as measured by fluorescence normalized to OD~600~ following induction from the *araBAD* promoter with increasing concentrations of arabinose induction. Error bars represent 95% CI (n = 3). Plasmids are ordered by increasing copy number.

Mutant pSC101 origins remain compatible with other commonly used plasmid origins of replication {#Sec7}
-----------------------------------------------------------------------------------------------

In order for higher copy variants of the pSC101 origin to be useful in synthetic biology, they must maintain their compatibility with other commonly used origins of replication. Previous work has demonstrated that specific high-copy pSC101 mutants maintained compatibility with the pBBR origin, but did not investigate other common origins^[@CR10]^. To interrogate compatibility more thoroughly used a previously described method wherein we transformed either a pSC101 wild-type vector or the N99D and E83K mutants, all of which encoded the kanamycin resistance marker, into strains of *E*. *coli* harboring either p15a, pBBR, or ColE1 origins of replication with a carbenicillin selectable marker^[@CR10]^. Cells containing both plasmids were passaged for 60 generations while only selecting for the carbenicillin resistance marker. Compatibility was assessed every 20 generations by determining the ratio of cells that survived plating on LB Carb/Kan plates relative to LB Carb plates (Fig. [6](#Fig6){ref-type="fig"}). All pSC101 origins were maintained at greater than 93% of all cells for all origins tested, indicating that both the N99D and the E83K mutants retain compatibility with other commonly used *E*. *coli* origins.Figure 6Plasmid compatibility of potentially useful pSC101 origin mutants with other commonly used *E*. *coli* plasmid origins. pSC101 wt and the E83K and N99D mutants encoded kanamycin resistance, while pBBR and p15a encoded carbenicillin resistance. Ratios of the number of CFUs recovered on Carb/Kan LB plates relative to the number of CFUs recovered on LB Carb alone. Error bars represent 95% CI.

Mutations predicted to be at the RepA dimer interface can be combined to affect copy number {#Sec8}
-------------------------------------------------------------------------------------------

While there may be limited benefit to increasing the copy number of the pSC101 origin past \~35 copies/cell, we were still interested in knowing if mutations at multiple loci could be combined additively to affect copy number. Based on our homology modelling, we identified two pairs of amino acids that could potentially be involved in electrostatic interactions at the dimerization interface, E93 and K102, as well as E115 and R43. We sought to disrupt both of these interactions by creating two double mutants, K102E-E115K and R43W-E93G. As before, we determined the copy number of the double mutants by qPCR (Fig. [7](#Fig7){ref-type="fig"}). The copy number of the K102E-E115K double mutant was roughly equivalent to the sum of the copy number of its individual component mutations. However, the R43W-E93G mutant had a much higher copy number of \~494 copies/cell, more than two and a half times that of its corresponding single mutants combined. This suggests that these two mutations in tandem are sufficient to severely disrupt the ability of RepA to dimerize.Figure 7Copy number of control plasmids, parent RepA mutations, and double RepA mutations predicted to be involved in electrostatic interactions between monomers, as estimated by qPCR. Error bars represent 95% CI (n = 3).

While the copy number did dramatically increase in double mutant RepA proteins, neither of the double mutants was able to produce as much RFP at high arabinose concentration (100 μM and 1000 μM) as the N99D single mutation; nonetheless, the R43W-E93G mutant was able to produce RFP at levels greater than that of the ColE1 origin of replication at 10 μM arabinose (Supplementary Figure [5A](#MOESM1){ref-type="media"}). At higher concentrations of arabinose induction both double mutants had reduced growth rates, particularly in R43W-E93G (Supplementary Figure [6A](#MOESM1){ref-type="media"}). Though there was no correlation between fluorescence and copy number within our RepA mutants, there appeared to be a correlation between copy number and maximal growth rate as arabinose concentration increased with a Pearson-R of −0.91 at 100 μM arabinose and −0.87 at 1000 μM arabinose (Supplementary Figures [6B--E](#MOESM1){ref-type="media"}).

Discussion {#Sec9}
==========

In this work, we isolated 10 previously undescribed RepA mutations that increase the copy number of the pSC101 origin. Single mutations resulted in copy numbers ranging from \~31 to \~113 copies/cell, compared to \~5 copies/cell in wild-type pSC101 plasmids. The majority of these mutations are in charged amino acids that are predicted to lie on the dimerization interface of the RepA protein. Two of these mutations, R43W and E93G, could be combined to achieve a copy number of \~494 copies/cell. When these mutations were incorporated into a plasmid containing RFP under the control of an arabinose-inducible promoter, no overall correlation was observed between the copy number and fluorescence. As copy number increased, there was a corresponding decrease in growth rate, with the highest copy double mutant showing severely diminished growth at higher levels of arabinose induction.

Homology modelling suggests that many of the mutations identified in this study lie within β-sheets on the dimerization interface of the RepA protein. Structural studies of the RepA homolog, RepE which controls the copy number of the mini-F plasmid, indicated a very similar intermolecular β-sheet dimeric interface^[@CR16]^. RepE plays an important role in controlling replication of the F plasmid origin, ori2. Monomeric RepE binds to ori2 to initiate replication, whereas RepE homodimers act as an autogenous repressor by binding to the *repE* operator^[@CR16]^. In another study, RepA was activated by the heat shock proteins DnaK and DnaJ^[@CR17]^. Both DnaK and DnaJ activated RepA by converting RepA dimers into monomers in an ATP-dependent reaction and simultaneously activated oriP1 DNA binding^[@CR17]^. Based on these observations, the majority of the mutants that we isolated appear to be involved in dimerization, either through stabilizing the secondary structure at the dimerization interface, or through direct electrostatic interactions. Each mutation in the double mutant constructs R43W-E93G or K102E-E115K is located at different regions of the dimer interface and may explain the additive effect of increase copy number. Such structural perturbations in RepA may cause a disruption in its oligomeric state and hence, plasmid copy regulation. Due to the limits of homology models and lack of a RepA crystal structure, it is difficult to reliably categorize and measure distinct residue interactions at the dimer interface. Future efforts in obtaining a crystal structure of RepA may provide further detail.

Of the mutations that we isolated in this work, E83K and N99D may be particularly useful for synthetic biology applications. Plasmids harboring the E83K mutation showed a very similar expression profile to that of a p15a expression vector, while the N99D mutant plasmid demonstrated slightly higher expression than the ColE1 derivative. Importantly, both of these mutants retain compatibility with other commonly used origins of replication in *E*. *coli*. Previous work has demonstrated that copy number mutants maintain their compatibility with ColE1 origin plasmids, making these mutants potentially valuable when engineering systems that require multiple medium or high copy vectors^[@CR10]^. RFP expression, as measured by fluorescence, plateaued for RepA mutant-derived plasmids with copy numbers above \~35 copies/cell, which can be explained in a variety of ways. While very high-copy double mutants achieved higher expression at low levels of induction (10 µM), they were severely detrimental to growth at higher inducer concentration. One limitation of this study was the reliance on RFP fluorescence as a measure of expression, which may not be predictive of other proteins^[@CR18],[@CR19]^. Future work will need to be conducted to assess the expression profiles of other proteins. The reasons for this plateau may be manifold due to mRNA stability, metabolic burden of maintaining the plasmid, or limitation of key intracellular metabolites^[@CR4],[@CR20]^. Further work will be necessary to fully characterize why no additional expression can be obtained by increasing copy number in these systems.

As metabolic engineering and synthetic biology mature as disciplines, many groups have looked beyond model organisms as chasses for engineering efforts^[@CR21]^. While rudimentary genetic systems exist for some of these organisms, they lack the robust tool sets that have been developed for model organisms such as *Saccharomyces cerevisiae* and *E*. *coli*. With relatively few high- or medium-copy vectors characterized for non-model organisms, we believe that this work could serve as a template for developing differential copy vectors derived from plasmids controlled by RepA homologs in non-model hosts. By mutagenizing *repA* or a *repA* homolog within a plasmid expressing a resistance determinant from an inducible promoter, variable copy numbers should be able to be isolated by imposing different strengths of selection for the resistance determinant. Alternatively, further structural information on RepA and its homologs may allow for more targeted engineering of dimer interactions that would allow for predictable copy numbers as a function of the strength of dimerization. Regardless of the approach taken, mutagenesis of RepA-dependent plasmids may offer a relatively easy way to develop a range of useful copy number variants in hosts that are desirable for metabolic engineering.

Methods {#Sec10}
=======

Media, Bacterial Growth Conditions, and Reagents {#Sec11}
------------------------------------------------

All bacterial strains are listed in Table [1](#Tab1){ref-type="table"}. All strains and plasmids created in this work are available through the public instance of the JBEI registry (<https://public-registry.jbei.org/folders/338>). Bacteria were cultivated in Luria-Bertani (LB) Miller media (BD Biosciences, San Jose, CA) at 37 °C unless otherwise noted, supplemented with kanamycin (50 mg/L, Sigma Aldrich, USA) or spectinomycin (100 mg/L, Fisher Scientific, USA) when indicated. Tetracycline hydrochloride used in plate selections was added at concentrations indicated, as were inducers bromocyclohexane, caprolactam, δ-undecalactone, and γ-nonalactone. All compounds were purchased through Sigma Aldrich, USA.Table 1All strains and plasmids used in this study.StrainNotesReferenceJBEI ID*E*. *coli* DH10BInvitrogen*E*. *coli* DP10∆*araFGH* ∆P-*araE* pCP18-araE: for linear arabinose induction^[@CR15]^*E*. *coli* XL1-RedCommercial mutator strainAgilent**PlasmidNotesReference**pBbS8k-RFP_R43WRepA Mutant, KanThis workJPUB_009625pBbS8k-RFP_R46WRepA Mutant, KanThis workJPUB_009627pBbS8k-RFP_R46QRepA Mutant, KanThis workJPUB_009629pBbS8k-RFP_M78IRepA Mutant, KanThis workJPUB_009631pBbS8k-RFP_E83KRepA Mutant, KanThis workJPUB_009633pBbS8k-RFP_E93GRepA Mutant, KanThis workJPUB_009635pBbS8k-RFP_N99DRepA Mutant, KanThis workJPUB_009637pBbS8k-RFP_N99KRepA Mutant, KanThis workJPUB_009639pBbS8k-RFP_K102ERepA Mutant, KanThis workJPUB_009641pBbS8k-RFP_E115KRepA Mutant, KanThis workJPUB_009643pBbS8k-RFP_R43W_E93GRepA Double Mutant, KanThis workJPUB_009645pBbS8k-RFP_K102E_E115KRepA Double Mutant, KanThis workJPUB_009647pBbS8k-RFPAraC Expression Vector, pSC101 Ori, Kan^[@CR1]^pBbA8k-RFPAraC Expression Vector, p15a Ori, Kan^[@CR1]^pBbE8k-RFPAraC Expression Vector, ColE1 Ori, Kan^[@CR1]^pBbE8a-RFPAraC Expression Vector, ColE1 Ori, Amp^[@CR1]^pBbB8a-RFPAraC Expression Vector, BBR Ori, Amp^[@CR1]^pBbS8a-RFPAraC Expression Vector, p15a Ori, Amp^[@CR1]^pMGT1ChnR Biosensor with TetA Reporter, pSC101 Ori, SpecThis workJPUB_009650pBbSlactamC-mCherry (star)ChnR Biosensor with mCherry Reporter, pSC101 Ori, Spec^[@CR11]^Strains and plasmids created in this study can be found at <https://public-registry.jbei.org/folders/338>.

DNA Manipulation {#Sec12}
----------------

All plasmids used in this study are listed in Table [1](#Tab1){ref-type="table"}. All primers used in this study are listed in Supplementary Table [1](#MOESM1){ref-type="media"}. Plasmids were designed using Device Editor and Vector Editor software^[@CR22],[@CR23]^, and primers for construction of plasmids were designed using j5^[@CR24]^. All plasmids were assembled via Gibson Assembly^[@CR25]^. Plasmids were isolated using the Qiaprep Spin Miniprep kit (Qiagen, USA), and all primers were purchased from Integrated DNA Technologies (IDT, Coralville, IA).

Site Directed Mutagenesis of *repA* {#Sec13}
-----------------------------------

To construct site-specific mutants, the parent plasmid pBbS8k-RFP was used as a template to amplify the entire plasmid into two PCR products. Mutations were introduced in primers that bound within the *repA* gene. Plasmids were assembled from these products via Gibson assembly, and mutations were confirmed via Sanger sequencing (Quintara Biosciences, Albany, CA).

Creation of a Mutagenesis Library of pMGT1 {#Sec14}
------------------------------------------

Mutagenesis of the lactam-biosensing pMGT1 *tetA* reporter plasmid was performed *in vivo* in the *E*. *coli* mutator strain XL1-Red (Agilent Technologies, Santa Clara, CA). The plasmid was transformed into XL1-Red competent cells via electroporation and plated on LB agar plates supplemented with spectinomycin. After incubating at 37 °C overnight, \~2000 colonies were scraped and were then resuspended in 50 mL of LB medium supplemented with spectinomycin and grown overnight at 37 °C. Afterward, 1 mL of the culture was removed and stored at −80 °C for future plasmid isolation. This overnight was then used to inoculate 500 µL of LB spectinomycin 1:100 in each well of a 96-well deep-well plate (VWR, USA). Passaging of cultures was done in a 96-well format to help prevent selective sweeps by non-mutator phenotypes of XL1-Red that may arise. Passages were performed for five days every 20 hours, by inoculating fresh media in 96-well plates via a pin-replicator. Each day after passaging, culture from all wells was pooled and frozen for subsequent plasmid isolation. Plasmids from all passages were isolated and pooled and then transformed into *E*. *coli* MegaX DH10B T1R Electrocomp Cells (Invitrogen, Carlsbad, CA) via electroporation, yielding roughly twelve million transformants. These transformants were pooled and frozen at −80 °C for later use.

Selection for Mutants {#Sec15}
---------------------

To select for mutations that were more sensitive to ligands of interest, *E*. *coli* DH10B cultures containing either the mutagenized plasmids or the parent plasmid were grown overnight in LB medium supplemented with spectinomycin, and then plated on LB agar plates that contained various concentrations of inducers and tetracycline. Inducers used to select for mutations were bromocyclohexane, caprolactam, δ-undecalactone, and γ-nonalactone. Plates contained either 1000 µM, 500 µM, 100 µM, or 0 µM of each inducer. Plates contained either 50 mg/L, 25 mg/L, 12.5 mg/L, or 0 mg/L tetracycline (see Supplementary Figure [2](#MOESM1){ref-type="media"}). Colonies from library plates that were able to grow on higher concentrations of tetracycline at lower concentrations of inducer after overnight incubation were considered for further analysis. Thirty plasmids selected from each inducer were purified and re-sequenced to identify the location of mutations.

Re-sequencing Plasmids via Next-Generation Sequencing {#Sec16}
-----------------------------------------------------

Nextera libraries were constructed using the Illumina Nextera XT Library Preparation Kit and the Nextera XT Index Kit v2 (Illumina, San Diego, CA). Liquid transfers were carried out on the BioMek NX, Biomek Fx (Beckman Coulter, Indianapolis, IN), and Labcyte Echo 550 acoustic liquid dispensing system (Labcyte, Sunnyvale, CA). During tagmentation, DNA was fragmented by transposases, and transposon terminal sequences were appended as adapters. Unique barcode combinations were added during PCR amplification. The tagmentation and PCR amplification steps were performed with several modifications to the standard Nextera protocol: 1) all steps were performed in a single 384-well PCR plate, 2) the tagmentation reaction volume was reduced to 1 µL using the Echo 550, and 3) a heat-kill step (15 minutes at 70 °C) was added to circumvent the need for purification after tagmentation. For the qPCR step, 7.5 µl SsoAdvanced Universal SYBR Green Supermix (2×) (Bio-Rad, Hercules, CA) and 5.5 µl Nuclease free water (Thermo Fisher Scientific, Waltham, MA) were added to the tagmentation reaction. The end point fluorescence values from qPCR on a CFX384 (Bio-Rad, Hercules, CA) were used to normalize concentrations using the Echo 550. This enabled Ampure XP bead purification (A63880, Beckman Coulter, Indianapolis, IN) of the pooled library in a single tube. The purified library was quantified using the Qubit DNA HS assay (Invitrogen, Carlsbad, CA), and the fragment size profile was determined using the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Sequencing was performed on the MiSeq (Illumina, San Diego, CA) using 2 × 300 cycles. MiSeq reads were demultiplexed using the embedded MiSeq Reporter (MSR) software. Read mapping and variant calling were performed using BWA^[@CR26]^, and GATK^[@CR27]^.

Isolation of Total DNA {#Sec17}
----------------------

Isolation of total DNA was performed via the method employed by Lee *et al*., with minor changes^[@CR1],[@CR28],[@CR29]^. Overnight cultures harboring plasmids of interest were inoculated 1:100 in LB kanamycin. Cultures were grown to an OD~600~ of \~0.3, and then 2 mL of culture was pelleted and frozen at --80 °C. Cell pellets were resuspended in 400 μL of 50 mM Tris/50 mM EDTA, pH 8, and then permeabilized with 8 μL of 50 mg/mL lysozyme (Sigma Aldrich, USA) in 10 mM Tris/1 mM EDTA, pH 8, followed by incubation at 37 °C for 30 minutes. Cells were then lysed by the addition of 8 μL of 5% SDS and 8 μL of 20 mg/mL Proteinase K solution (Qiagen, USA), after which they were mixed with a syringe with a 21-gauge, 1.5-inch needle, followed by incubation at 50 °C for 30 minutes. After inactivating Proteinase K by incubation at 75 °C for 10 min, 2 μL of 100 mg/mL RNase A solution (Qiagen, USA) was added and then incubated at 37 °C for 30 minutes. Total DNA was extracted via a phenol:chloroform extraction, followed by ethanol precipitation as described previously^[@CR1]^. Isolated gDNA was digested for 6 hours at 37 °C with Fast Digest EcoRI (Thermo Fisher Scientific, Waltham, MA).

Estimation of Copy Number via qPCR {#Sec18}
----------------------------------

Estimation of copy number was also carried out in a manner similar to that of Lee *et al*., with minor changes^[@CR1],[@CR8],[@CR28]^. Primer sets specific to the neomycin phosphotransferase II (*nptII*) gene (forward: GCGTTGGCTACCCGTGATAT, reverse: AGGAAGCGGTCAGCCCAT) and 16 S rDNA gene (forward: CCGGATTGGAGTCTGCAACT, reverse: GTGGCATTCTGATCCACGATTAC) were used for real-time qPCR. *E*. *coli* DH10B gDNA was used for calibrating the 16 S rDNA primers, while *E*. *coli* BW25113 with a single copy of *nptII* integrated into the genome was used to calibrate the *nptII* primers. Real-time qPCR was conducted on a BioRad CFX with 96-well reaction blocks in the presence of SYBR Green under the following conditions: 1 × ssoAdvance SYBR Green Supermix (BioRad, Hercules, CA) and 150 nM *nptII* or 500 nM 16 S primers, in 20 μL reactions. Real-time qPCR cycling parameters were 95 °C for 3 minutes, followed by 40 cycles of 30 seconds at 95 °C, and 45 seconds at 60 °C. Threshold cycles (Ct) were determined with CFX Manager (BioRad, Hercules, CA) software for all samples.

Growth Rate and Fluorescence Assays {#Sec19}
-----------------------------------

Growth rates of bacterial strains were estimated through a microplate reader kinetic assay. Strains were grown overnight from glycerol stocks in LB liquid medium with kanamycin, then diluted 1:100 into fresh LB media with kanamycin amended with either 1000 µM, 100 µM, 10 µM, or 0 µM arabinose in 96-well plates (Falcon, 353072). Plates were sealed with a gas-permeable microplate adhesive film (VWR, USA), and then optical density and fluorescence were monitored for 22 hours in an Infinite F200 Pro (Tecan Life Sciences, San Jose, CA) plate reader at 30 °C. Optical density was measured at 600 nm, while fluorescence was measured using an excitation wavelength of 575 nm and an emission wavelength of 620 nm with a manually set gain of 35. In between reads, the plate was shaken at a linear amplitude of 6 mm.

To measure RFP production from plasmids, fluorescence measurements were obtained from single time points of cells grown in deep-well 96-well plates. Cells were grown in 500 µL of LB medium with kanamycin supplemented with either 1000 µM, 100 µM, 10 µM, or 0 µM arabinose. Plates were sealed with AeraSeal film (Excel Scientific, AC1201-02) and grown for 22 hours at 30 °C on a 200 rpm shaker rack. After incubation, 100 µL from each well was aliquoted into a black, clear-bottom 96-well plate and fluorescence was measured with an Infinite F200 Pro (Tecan Life Sciences, San Jose, CA) plate reader. Optical density was measured at 600 nm (OD~600~), while fluorescence was measured using an excitation wavelength of 575 nm and an emission wavelength of 620 nm with a manually set gain of 35.

Plasmid Compatibility Assay {#Sec20}
---------------------------

Mutant plasmids pBbS8k-RFP_E83K and pBbS8k-RFP_N99D were cotransformed into *E*. *coli* DH10B with a BglBrick family plasmid containing the gene encoding RFP under the control of an *araBAD* promoter, and a carbenicillin resistance cassette. The origin of replication for the latter vector was either p15a, ColE1, or pBBR1. To test plasmid stability and compatibility, the transformants were grown overnight in LB containing 100 µg/mL carbenicillin. Each overnight culture was considered to be the result of 10 generations of growth. Each overnight culture was diluted by a factor of 1:1,000 (3 μL into 3 mL) and grown again for a total of 60 generations, i.e. six days. Every other day, after 20 generations of growth, the cultures were diluted 1:50,000 and plated onto LB plates containing only carbenicillin, as well as plates containing both carbenicillin and kanamycin. Colonies were then counted after incubation overnight. Stability was assessed as the ratio between the number of colonies present on the carb/kan plates and the number of colonies present on the carb only plates.

RepA Structural Modelling {#Sec21}
-------------------------

The RepA homology model was generated using the structure prediction software I-TASSER (<https://zhanglab.ccmb.med.umich.edu/>)^[@CR30],[@CR31]^. The internal C-score scoring function in I-TASSER was utilized to select the best homology model. The known homodimeric RepE protein structure (PDB ID: 2Z9O) was utilized to generate a homodimeric structure of the RepA homology model. The RepA homodimeric model was energy minimized using CHIMERA^[@CR32]^. All figures related to the RepA homology model were visualized and generated by PyMOL (The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC.).

Data Visualization and Statistical Analysis {#Sec22}
-------------------------------------------

All data were analyzed using custom Python scripts. All graphs were visualized using either Seaborn or Matplotlib. Calculation of 95% confidence intervals was conducted via the Scipy library.
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